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Nectin-4 Mutations Causing Ectodermal Dysplasia
with Syndactyly Perturb the Rac1 Pathway and the
Kinetics of Adherens Junction Formation
Paola Fortugno1, Emmanuelle Josselin2,3,4, Konstantinos Tsiakas5, Emanuele Agolini6, Gianluca Cestra7,
Massimo Teson8, Rene´ Santer5, Daniele Castiglia8, Giuseppe Novelli9, Bruno Dallapiccola10, Ingo Kurth11,
Marc Lopez2,3,4, Giovanna Zambruno8 and Francesco Brancati12,13
Defective nectin-1 and -4 have been implicated in ectodermal dysplasia (ED) syndromes with variably associated
features including orofacial and limb defects. In particular, nectin-1 mutations cause cleft lip/palate ED (CLPED1;
OMIM#225060), whereas defective nectin-4 is associated with ED-syndactyly syndrome (EDSS1; OMIM#613573).
Although the broad phenotypic overlap suggests a common mode of action of nectin-1 and -4, little is known
about the pathogenic mechanisms involved. We report the identification of, to our knowledge, a previously
undescribed nectin-4 homozygous p.Val242Met missense mutation in a patient with EDSS1. We used patient skin
biopsy and primary keratinocytes, as well as nectin-4 ectopic expression in epithelial cell lines, to characterize
functional consequences of p.Val242Met and p.Thr185Met mutations, the latter previously identified in
compound heterozygosity with a truncating mutation. We show that nectin-4-altered expression perturbs
nectin-1 clustering at keratinocyte contact sites and delays, but does not impede cell–cell aggregation and
cadherin recruitment at adherens junctions (AJs). Moreover, trans-interaction of nectin-1 and -4 induces the
activation of Rac1, a member of the Rho family of small GTPases, and regulates E-cadherin-mediated cell–cell
adhesion. These data outline a synergistic action of nectin-1 and -4 in the early steps of AJ formation and
implicate this interaction in modulating the Rac1 signaling pathway.
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INTRODUCTION
Cell–cell adhesion is critical for the establishment of tissue and
organ histoarchitecture during embryonic development and
its maintenance in adulthood (Niessen et al., 2011). Besides
ensuring physical aggregation and specialized permeability
barrier formation, intercellular interactions result in a dynamic
interplay between cell signaling, cytoskeleton modeling, and
membrane trafficking.
Defective cell–cell adhesion may result in ectodermal
dysplasias (EDs), a large and heterogeneous group of genetic
disorders affecting two or more ectodermal structures, such
as epidermis, hair, teeth, nails, and sweat glands (Itin and
Fistarol, 2004). Mutations in CDH3, encoding P-cadherin,
are associated with ED, ectrodactyly, and macular dystrophy
(EEM; OMIM#225280; Sprecher et al., 2001), whereas
mutations in PVRL1 (nectin-1) and PVRL4 (nectin-4) cause
cleft lip/palate ED (CLPED1; OMIM#225060) and ED-
syndactyly syndrome (EDSS1; OMIM#613573), respectively
(Suzuki et al., 2000; Brancati et al., 2010). In particular,
EDSS1 presents partial cutaneous syndactyly variably
involving fingers and toes associated with abnormalities of
hair (i.e., pili torti and progressive alopecia) and teeth (i.e.,
peg-shaped and conical crowns and early tooth loss). It is
distinguished from CLPED1 mainly by the lack of orofacial
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defects (i.e., cleft lip/palate). It is noteworthy that, together
with truncating mutations, two missense pathogenic variants
(p.Thr185Met and p.Pro212Arg) have been found to date in
the second Ig-like domain of nectin-4 (Brancati et al., 2010;
Jelani et al., 2011), suggesting an important structural/
functional role of this extracellular domain.
Nectins and cadherins are essential for adherens junction (AJ)
formation. Together with tight junctions and desmosomes, AJs
are part of the junctional complex and ensure a flexible and
dynamic regulation of cell–cell contacts. Dynamism of these
structures is crucial during development, tissue renewal, and
wound repair, allowing cell movement and new cell contact
formation. Contrary to cadherins (Yap et al., 1997), nectins are
an emerging class of cell-adhesion molecules acting in a
calcium-independent manner (Takai et al., 2003). Nectins can
also function as entry receptors for several viruses (Geraghty
et al., 1998; Lopez et al., 2000; Mu¨hlebach et al., 2011).
Four nectins (1–4) are known to promote cell–cell adhesion
by forming homophilic or heterophilic trans-dimers through
their Ig-like ectodomains. Typically, heterophilic trans-inter-
actions are stronger than the homophilic ones. Specifically,
nectin-1 interacts with nectin-3 and -4, whereas nectin-2
cooperates with nectin-3 (Reymond et al., 2001; Takai et al.,
2003). In particular, nectin trans-interactions have a pivotal
role in the reorganization of the actin cytoskeleton modulating
the recruitment and the activity of Rho GTPases, required for
adhesion molecule clustering and for cell cohesion streng-
thening (Jamora and Fuchs, 2002; Nelson, 2008; Takai et al.,
2008; McCormack et al., 2013). Among them, Rac1 modulates
the cadherin/catenin complex recruitment to the junctions and
its synergic coordination to the actin cytoskeleton (Kawakatsu
et al., 2002; Honda et al., 2003a; Hoshino et al., 2004).
Interestingly, Rac1-deficient mice show skin and digit
defects similarly to CLEPD1 and EDSS1 patients as conse-
quence of nectin-1 and -4 alterations. In particular, limb-bud
mesenchyme-specific inactivation of Rac1 results in cutaneous
syndactyly with webbing of the interdigital skin (Suzuki et al.,
2009). Moreover, keratinocyte-restricted deletion of Rac1
leads to severe hair loss as a result of rapid depletion of
stem cells and failure to maintain hair follicles (Benitah et al.,
2005; Chrostek et al., 2006). These observations highlight the
relevance to elucidate how the cross talk between nectin-
mediated AJ formation and signaling molecules might be
perturbed during morphogenesis of skin and digits.
Here, we demonstrate that nectin-4 pathogenic mutations
are associated with abnormal nectin-1 distribution in the
human epidermis of EDSS1 patients, impairment of Rac1
signaling, and delayed AJ assembly.
RESULTS
Altered nectin-1 and -4 distribution as a consequence of
expression of mutant nectin-4
So far, only two different missense mutations in the PVRL4
gene have been identified as a cause for EDSS1, one reported
by us (p.Thr185Met) in compound heterozygosity with a
truncating mutation (Brancati et al., 2010) and the other one
(p.Pro212Arg) described by Jelani et al. (2011) at the
homozygous state. Here we report a, to our knowledge,
previously unreported mutation, p.Val242Met, found in a
family with EDSS1 at the homozygous state (Supplementary
Figure S1 online). All three mutations affect the second Ig-like
domain of nectin-4, suggesting that structural alterations of this
region are critical for protein function. A skin biopsy and
cultured primary keratinocytes derived from the EDSS1 patient
carrying the homozygous mutation p.Val242Met have been at
first used to investigate the role of nectins in epithelial cell–cell
adhesion.
At first, the effects of altered nectin-4 expression on cellular
distribution and protein levels of nectin-1 and -4 were
investigated by immunofluorescence and FACS analysis
(Figure 1). As expected, in normal human epidermis, nectin-1
staining was concentrated at cell–cell contact sites and
colocalized with nectin-4 in suprabasal layers (Figure 1a). In
addition, nectin-1 signal extended also to the epidermal basal
layer (Figure 1a) and to dermal fibroblasts (data not shown). A
reduction of the nectin-4 total protein level and membrane
staining was observed in the epidermis of the EDSS1 patient
homozygous for the p.Val242Met mutation. It is noteworthy
that this reduction correlated with a less intense and sharp
nectin-1 signal at cell–cell contact sites and an increased
cytoplasmic localization (Figure 1a).
Similar results were observed using in vitro–differentiated
primary keratinocytes (Figure 1b). Normal human keratino-
cytes (WT-N4-HK) showed a colocalization of nectin-1 and -4
similar to normal human epidermis, except for the presence of
a diffuse nectin-1 cytosolic staining. In contrast, nectin cellular
distribution was markedly disturbed in the keratinocytes
obtained from the EDSS1 patient (242Met-N4-HK). In parti-
cular, nectin-4 staining was markedly reduced and both
nectin-1 and -4 appeared almost completely mislocalized
from cell junctions to the cytoplasm (Figure 1b). Immunoblot-
ting confirmed a strong reduction of the total protein levels of
the mutant nectin-4 (Figure 1c), which did not correlate with a
significant decrease of the transcript level, as judged by
quantitative real-time reverse-transcriptase PCR (Figure 1d).
This indicates an impairment of the stability of the mutant
protein. No variation in total nectin-1 protein levels was
detected (Figure 1c). Interestingly, when nectin-1 and
4-expression was analyzed by FACS using single-cell suspen-
sions, nectin-1 protein levels on the surface of 242Met-N4-
expressing keratinocytes were comparable to healthy control
cells, whereas highly reduced expression of nectin-4 was
confirmed (Figure 1e). The differences observed in single-cell
suspensions versus the confluent keratinocyte cultures and the
skin biopsy suggest that nectin-4 contributes to nectin-1
accumulation and stabilization on the cell surface mediating
its clustering by trans-dimerization at cell–cell contact sites.
To verify whether nectin-1 mislocalization from cell–cell
contact sites observed in confluent cultures of 242Met-N4-
expressing keratinocytes could be due to an altered nectin-1
trans-binding to mutant nectin-4-expressing cells, soluble
recombinant nectin-1 protein (N1-Fc) was used as a cell
ligand in an in vitro binding assay. FACS analysis showed
a striking reduction of N1-Fc binding to 242Met-N4-express-
ing keratinocytes as compared with healthy control cells
(Figure 2).
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To confirm that the reduced localization of nectin-4 to the
cell surface could be a consequence of the alteration of
nectin-4 protein stability or trafficking, MDCK cells stably
expressing comparable levels of wild-type (WT-N4-MDCK) or
mutated (242Met-N4-MDCK) nectin-4 protein were then
generated. In addition, an MDCK cell line stably expressing
comparable levels of mutant nectin-4 protein carrying the
p.Thr185Met missense mutation was produced (185Met-N4-
MDCK). In agreement with the findings observed in keratino-
cytes, immunofluorescence analysis of these cell lines showed
that, although the flag-tagged wild-type nectin-4 (WT-N4)
protein localized to the membranes at cell–cell contacts, the
staining in MDCK cells expressing either 242Met-N4 or
185Met-N4 was preferentially localized in the cytoplasm,
and in particular in the perinuclear region (Supplementary
Figure S2a online). FACS analysis of stably transfected MDCK
cells confirmed the decreased cell surface expression of
mutant nectin-4 proteins as compared with wild type
(Supplementary Figure S2b online).
Reduced cell–cell aggregation in cells expressing EDSS1-related
mutant nectin-4
To determine whether cell–cell adhesion is compromised in
cells expressing mutant nectin-4, an aggregation assay (Qin
et al., 2005) was performed. MDCK cells stably transfected
with either wild-type or mutant nectin-4 were dissociated to
single-cell suspensions by enzymatic and mechanic treatment,
and then cultivated in a hanging drop beneath the lid
of a tissue culture plate. After 18–20 hours, cell aggregation
was assessed by light microscopy. Although nontransfected
cells only formed small aggregates (most of them composed
by no more that 20 cells), ectopic expression of WT-N4
resulted in the formation of large aggregates (41,000 cells),
resistant to mechanical dissociation (Figure 3a). It is note-
worthy that large cell aggregates were not formed when using
MDCK cells expressing the mutated nectin-4 (242Met-
N4-MDCK) (Figure 3a). In the same way, also 185Met-N4-
expressing MDCK cells did not generate large aggregates (data
not shown).
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Figure 1. Altered nectin-4/1 expression and localization in ectodermal-dysplasia-syndactyly syndrome (EDSS1) epidermis and primary keratinocytes.
(a, b) Confocal immunofluorescence analysis of double immunostaining with anti-nectin-4 polyclonal antibody (green) and the nectin-1 mAb R1.302 (red)
in (a) human epidermis from the EDSS1 patient (242Met-N4) as compared with a healthy control (WT-N4), and (b) in vitro–differentiated keratinocytes
from the EDSS1 patient (242Met-N4-HK) as compared with WT-N4-HK. Scale bar¼10mm. Image z-stacks are shown on the side in (a). (c) Immunoblotting
analysis of total protein extracts of differentiated keratinocytes. Protein loading was normalized by glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
protein levels. (d) Relative PVRL4 mRNA expression in differentiated keratinocytes determined by quantitative real-time reverse-transcriptase–PCR.
(e) FACS analysis of nectin-4 (left panels) and -1 (right panels) cell surface expression on dissociated 242Met-N4-HK as compared with WT-N4-HK.
HK, human keratinocyte; WT, wild type.
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Delayed AJ formation in cells expressing EDSS1-related mutant
nectin-4
Nectins promote and stabilize cell aggregation by enhancing
the recruitment of cadherins at cell–cell contact sites. How-
ever, altered localization of E-cadherins and other AJ compo-
nents in EDSS1 patients has previously been reported only in
discrete areas of the hair follicle (Brancati et al., 2010). In
agreement with that observation, no relevant alteration of
E-cadherin distribution was detected at the level of the
interfollicular epidermis from the EDSS1 patient carrying
homozygous mutation p.Val242Met where instead nectins
are mislocalized (data not shown).
To better unravel the role of nectin-4 in cadherin-based AJ
organization, E-cadherin subcellular distribution was exam-
ined in 242Met-N4-expressing keratinocytes as compared
with control cells, and in MDCK cells stably expressing
either wild-type or mutant nectin-4. Consistently with the
observations in the epidermis, 242Met-N4-expressing kerati-
nocytes cultured in standard calcium conditions (þCa) did
not show any detectable difference in E-cadherin localization
as compared with control keratinocytes, with intense staining
at all cellular borders (Figure 3b, upper panels). This result
indicates that expression of mutated nectin-4 did not affect
E-cadherin localization. The kinetics of cell adhesion assem-
bly was investigated by calcium switch assay. 242Met-N4-
expressing keratinocytes and control cells were cultured in the
absence of calcium for 4 hours. As expected, E-cadherin
was not detectable along the plasma membrane of both the
cell strains, but it relocalized at cell–cell adhesion sites in a
time-dependent manner after re-addition of calcium to the
culture medium (Figure 3b). Interestingly, the rate of plasma
membrane accumulation of E-cadherin was much slower in
keratinocytes derived from the EDSS1 patient (Figure 3b).
Indeed, although after 1 hour in high calcium all fields of the
healthy control keratinocytes showed membrane staining for
E-cadherin, the signal in 242Met-N4-expressing cells was still
diffuse and only an initial redistribution to cell–cell contact
sites was detected. Similar results were obtained using MDCK
cells overexpressing either wild-type or mutant nectin-4
(Supplementary Figure S3 online).
It is interesting to note that cadherin-based AJs are
more stable in MDCK cells ectopically expressing WT-N4
(Figure 3c). Although calcium removal from the culture
medium for 4 hours resulted in E-cadherin mislocalization in
both nontransfected and 242Met-N4-expressing MDCK cells
lines, E-cadherin staining was still detected at cell borders in
WT-N4-expressing cells. Longer incubations (24 hours in low
calcium medium followed by 2 hours in Ca2þ -free medium)
were required to evaluate the kinetics of E-cadherin recruit-
ment at AJ (Supplementary Figure S3 online).
These results indicate that nectin-4 contributes to the
regulation of the AJ stability and dynamics in both keratino-
cytes and MDCK cells. In particular, altered nectin-4 function
does not preclude but significantly delays E-cadherin recruit-
ment to the cell–cell contact sites and affects junction
stabilization.
Altered Rac1 pathway in cells expressing EDSS1-related mutant
nectin-4
A recent study has demonstrated that ectopic expression of
nectin-4 in different cell lines results in increased levels of
active GTP-bound Rac1 (Takano et al., 2009). To investigate a
possible effect of the nectin-4 mutations on Rac1 activation,
GTP-Rac1 levels were measured by pull-down experiments in
lysates of HEK-293 cells ectopically expressing nectin-4. As
expected, GTP-Rac1 levels were higher in cells expressing
WT-N4 as compared with control cells transfected with an
empty vector (mock). However, the expression of either
242Met-N4 or 185Met-N4 did not result in pull-down of
significant amounts of GTP-Rac1 (Figure 4a).
The activation of the Rac1 pathway is supposed to be
mediated by nectin trans-interaction (Kawakatsu et al., 2002;
Honda et al., 2003a). Therefore, the role of nectin-1/4 binding
on Rac1 activation was investigated. Nectin-4 stably
transfected MDCK cells were stimulated with clustered N1-
Fc, and cell lysates were recovered and analyzed at different
time points. Although in WT-N4-expressing MDCK cells
30 minutes after the addition of N1-Fc the GTP-bound Rac1
levels started to increase, no increase was observed in
242Met-N4-expressing cells (Figure 4b). These results indicate
that the trans-interaction of nectin-4 with N1-Fc induces Rac1
activation.
DISCUSSION
Skin and ectodermal annexes represent an intriguing platform
to study the role of cell–cell junction in tissue modeling and
homeostasis. We have recently identified mutations in the
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Figure 2. Nectin-1/4 trans-dimerization on keratinocyte cell surface. Trans-
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assessed by FACS analysis on dissociated 242Met-N4-HK as compared with
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(lower panels). HK, human keratinocyte; WT, wild type.
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adhesion molecule nectin-4 as the causative protein for
EDSS1, characterized by hair and tooth abnormalities, alope-
cia, and cutaneous syndactyly (Brancati et al., 2010). EDSS1
shares common clinical characteristics, including hair and
teeth abnormalities and cutaneous syndactyly, with CLPED1
caused by nectin-1 alterations (Avila et al., 2006). These
observations highlight the role of nectin-1 and -4 as key
players in human ectodermal derivatives morphogenesis.
However, the mechanism of disease is still poorly understood.
Here, we report a, to our knowledge, previously unreported
p.Val242Met missense mutation in PVRL4 gene in a patient
with typical EDSS1 clinical features. The p.Val242Met muta-
tion affects nectin-4 protein stability leading to decreased
expression in keratinocytes. Owing to the homozygous nature
of the mutation, we used the patient skin biopsy and cells as a
model system to investigate the functional role of nectin-4 and
-1 in epithelial cells. Our results show that nectin-4 and its
specific trans-interactor nectin-1 pursue a common mode of
action. This observation was also confirmed by ectopic
expression of the previously described nectin-4 p.Thr185Met
missense mutation. In fact, in the suprabasal layers of normal
human epidermis, nectin-1 and -4 colocalize to cell–cell
junctions. Moreover, mutated nectin-4 results in reduced
clustering of nectin-1 at cell–cell contact sites and cytoplasmic
accumulation both in vivo, in the patient epidermis, and
in vitro, in confluent keratinocytes. However, FACS analysis
showed that nectin-1 expression levels are not affected in
single-cell suspensions. Altogether, these results point to a
critical role of nectin-1/4 trans-dimerization for proper and
stable expression of nectins within AJs and consequent
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Figure 3. Decreased adhesiveness of epithelial cells expressing mutant nectin-4. (a) MDCK aggregation assay. Cells were allowed to aggregate in suspension
overnight. After mechanical dissociation, images were captured by phase-contrast microscopy. Scale bar¼ 100mm. (b) Time course of adherens junction (AJ)
formation in 242Met-N4-HK as compared with WT-N4-HK. Cells, grown in standard medium until confluence (þCa), were starved in a Ca2þ /serum-free medium
for 4 hours (Ca), and then standard medium was added for the indicated times. Assembly of junctions was assessed by immunofluorescence staining with
E-cadherin mAb (clone 36). Scale bar¼ 20mm. (c) AJ stability in MDCK cells. MDCK, WT-N4-MDCK, and 242Met-N4-MDCK cells were grown in standard
calcium medium until confluence (þCa), and then switched to Ca2þ -free medium for 4 hours (Ca). Junction stability was assessed by E-cadherin
immunofluorescence staining. Scale bar¼ 20mm. HK, human keratinocyte; WT, wild type.
P Fortugno et al.
Nectin-4 in AJs and Rac Signaling
2150 Journal of Investigative Dermatology (2014), Volume 134
inhibition of endocytic recycling pathway, as described for
E-cadherin (Le et al., 1999) and for the cell-matrix adhesion
molecule integrin in the absence of binding partners (Lawson
and Maxfield, 1995).
Nectin-1/4 cooperative mode of action mirrors the broad
phenotypic overlap observed in EDSS1 and CLPED1, hence
the term nectinopathies (Brancati et al., 2013). In fact, it is
striking to note that in addition to ED features associated with
syndactyly of fingers and toes, specific anomalies, e.g., pili
torti, are identical in both syndromes (Zlotogora et al., 1987;
Brancati et al., 2010). With regard to cleft lip/palate and other
discordant clinical findings (cognitive delay is reported in
some CLPED1 individuals), this might relate to differential
spatiotemporal expression pattern of nectins during develop-
ment (Okabe et al., 2004).
Despite the growing interest on nectin cell-adhesion mole-
cules, little is known about the dynamics of nectin/cadherin
cooperation during the initial cell–cell contact formation and
about nectin-driven intracellular signaling. A recent model
based on ectopic expression of adhesion molecules describes
AJ architecture as a complex mosaic of separate and relatively
independent cadherin- and nectin-enriched clusters unified by
junction-associated actin filament bundles, with nectin micro-
clusters forming earlier at the cell–cell contact sites (Honda
et al., 2003b, c; Indra et al., 2013). By in vitro functional
assays, we observed that overexpression of WT-N4 increases
the probability to form both nectin- and cadherin-based
clusters and, most importantly, results in more stable
cadherin-based junctions. We demonstrated that the impair-
ment of nectin-based junctions in patient keratinocytes affects
the kinetics of AJ formation by slowing the recruitment of
E-cadherin at cell–cell contact sites. Nevertheless, junctions
correctly assemble both in vitro and in the interfollicular
epidermis of patients with EDSS1. Thus, nectin-mediated cell–
cell contacts seem to mainly influence the dynamics of cell
junction formation and renewal. Consequences on tissue
morphology may be therefore revealed only when cell–cell
junction dynamics becomes crucial (e.g., during morpho-
genesis, wound healing, and hair follicle cycling). In fact,
although no gross morphological abnormalities were seen
within the epidermis of EDSS1 patients, E-cadherin-based AJs
are affected in discrete structures of the hair follicle (Brancati
et al., 2010).
The dynamic organization of adhesive cell–cell contacts
involves not only nectin/cadherin trans-dimerization, but also
an intimate relationship between these complexes and the
actin cytoskeleton, various molecular adaptors (Adams et al.,
1996; Vasioukhin et al., 2000), and the Rho family of GTPases
(Kuroda et al., 1998; Braga, 2002; Briggs and Sacks, 2003).
Our data show that, similarly to nectin-1 and -3 (Honda et al.,
2003a), trans-dimerization of nectin-1 and -4 induces the
activation of Rac1. Impairment of nectin-4 function is suffi-
cient to alter the activation of the Rac1 signaling pathway. In
summary, these data emphasize the involvement of Rho
GTPases in the pathogenesis of nectinopathies. It is note-
worthy that although Rac1 mutations are not yet associated
with human diseases, most likely because they compromise
embryonic development, loss of Rac1 expression in mouse
epidermis results in both hair loss and syndactyly, as observed
in nectinopathies (Benitah et al., 2005; Chrostek et al., 2006;
Suzuki et al., 2009).
In conclusion, the present study provides insights on how
nectin-1 and -4 operate in synergy to AJ formation and
locates them in a larger picture that includes not only
adhesion but also intracellular signaling molecules such as
Rac1, having a critical role in morphogenesis and ectodermal
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derivative maintenance. Further investigations will allow
clarifying how these mechanisms affect morphogenesis and
hair cycling.
MATERIALS AND METHODS
Patients and genetic investigations
A large consanguineous family with three affected sibs (two females
and one male) born to first cousins once removed unaffected parents
came to our attention for the presence of cutaneous syndactyly, hair
and teeth abnormalities (Supplementary Figure S1 online). All affected
individuals showed abnormally widely spaced and hypoplastic teeth.
Hair morphological abnormalities included pili torti. Hair loss was
progressive and manifested in the second decade of life, leading to
complete alopecia. Cutaneous syndactyly was variable, but involved
fingers 2–4 and toes 2–5. Intolerance to heat was reported in one of
the affected individuals. Direct sequencing of all coding and
exon–intron boundaries of the PVRL4 gene was performed as
previously described (Brancati et al., 2010) and revealed in all
affected individuals the missense homozygous c.724G4A change
in exon 3 of the PVRL4 gene leading to p.Val242Met amino acid
substitution (Supplementary Figure S1 online). The consanguineous
healthy parents were of Afghan origin and carried the c.724G4A
mutation at the heterozygous state. The study was conducted
according to the Declaration of Helsinki Principles, was approved
by the local ethics committee, and a written informed consent was
obtained from both the EDSS1 patient and the healthy volunteers
involved.
Antibodies
Anti-nectin-4 goat polyclonal antibody was purchased from R&D
Systems (Minneapolis, MN). Anti-nectin-4 mouse mAb (clone N4.61)
was previously described (Fabre et al., 2002). Anti-nectin-1 (clone
R1.302.12) mouse mAb and anti-GAPDH rabbit polyclonal antibody
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-FLAG (M2) mouse mAb was purchased from Sigma Aldrich
(St Louis, MO). Anti-E-cadherin (clone 36) and anti-Rac1 (clone 102)
mouse monoclonal antibodies were from BD Biosciences
(Erembodegem, Belgium).
Aggregation assay
The hanging drop aggregation assay was performed essentially as
previously described (Qin et al., 2005). MDCK, WT-N4-MDCK,
185Met-N4-MDCK, or 242Met-N4-MDCK cells were trypsinized in
the presence of EDTA, washed twice in phosphate-buffered saline,
and resuspended at 106 cells ml 1 in standard growth medium. Cells
(3 104) were then suspended as hanging drops from the lid of a
24-well culture dish and allowed to aggregate overnight in a humified
5% CO2 incubator at 37 1C. Corresponding wells were filled with
phosphate-buffered saline to prevent drying of the drops. To assay for
tightness of cell–cell adhesion, the cells were subjected to shear force
by 10 times passage through a 200-ml filter pipette tip. Cells were then
imaged within 20 minutes using a  10 phase-contrast objective.
Calcium switch assay
WT-N4-HK and 242Met-N4-HK (104 cells cm 2) were cultured on
18-mm glass coverslips in the presence of lethally irradiated 3T3-J2
feeder cells (3 104 cells cm 2) in complete keratinocyte growth
medium with serum and growth factors (Zambruno et al., 1995) until
confluency. To disrupt cadherin-based AJs, cells were washed twice
with phosphate-buffered saline and starved for 4 hours in Ca2þ -free
MEM supplemented with 100 U ml 1 penicillin/streptomycin and
2 mM glutamine (Invitrogen, Palo Alto, CA). Then the medium was
replaced with complete keratinocyte growth medium with serum and
growth factors for 15, 30, 60, or 120 minutes.
MDCK cells were seeded on an 18-mm glass coverslip
(104 cells cm 2) and cultured in standard medium until confluence.
Confluent cells were washed twice with phosphate-buffered saline
and starved in Ca2þ -free MEM (Invitrogen) supplemented with 2%
dialyzed fetal bovine serum for 16–20 hours, and then for two
additional hours in Ca2þ -free MEM. To induce cadherin-based AJ
assembly, the cells were switched back to standard medium for
2 hours.
Additional methods
Constructs, cell cultures, transient transfections, stable cell lines,
immunofluorescence staining, FACS analysis, RNA isolation and analysis,
and Rac1 activity assay methods are described in Supplementary
Material online.
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